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1.
INTRODUCTION
The relatively new field of X-Ray
investigation has opened the study of the crystalline
substances by the application of the diffraction
principle. During the past twenty-five years, the
technique and practical application of the deter-
minative work has been rapidly developed. With
increased proficiency has come wider applicatipn,
and this thesis proposes to offer a study of the
solid solubility of silver in cadmium by the X-Ray
diffraction method. This system has been investigated
by data obtained from thermal and microscopic anal-
ysis, and from the electrical conductivity, hardness
and thermal expansion.
It is hoped this work will effect an
improved laboratory technique and offer a method of
constructing the existing solid solubility portions
of the equilibrium diagrams.
SUMMARY OF RESULTS
The results of this work clearly
show that the equilibrium diagram as determined
by microscopic and thermal analyses coincides
with the X-Ray determination within the limits
of experimental error. Unfortunately, the linear
difference between the film lines of the alloys
annealed at the highest and lowest temperatures
is one-tenth of a millimeter. Those lines within
this limit had to be approximated by the use of
a magnifying glass.
The following diagram is the result
of the research performed by Dr. P. V. Durrant
in 1931. The values of the solid solubility curve
as determined by this work are indicated by dots.
Considering the experimental difficulties of this
determination, it can be said that the results of
this work check with that of Dr. P. V. Durrant.
ECIJILIBRIUM DIAGRAM OF SILVER IN CADMIUM
AS CONSTRUCTED BY DR. P. V. DURRANT
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4.
PREVIOUS WORK
The first most exhaustive study of the
equilibrium diagram was performed by Petrenko and
Federow in 1911. Their work was based on the ther-
mal and microscopic examination of the alloys. In
the year 1928 both Natta and Freri and the two
pioneers of X-Ray determinations, Astrand and
Westgren, analyzed the crystalline structure. Their
diagram disagreed with that of Petrenko and Fede-
row. By using both thermal and microscopic methods
similar to those used by the first scientists,
they checked their X-Ray determinations. Thus, the
diagram as constructed in 1928 remained the stand-
ard until 1931. During that year Dr. P. V. Durrant
carried out another X-Ray determination by use of
the powder method. The section of the diagram
containing less than 15% silver corresponded with-
in an accuracy of 2% to that constructed by Astrand
and Westgren. The complicated silver-rich portion
of the diagram varied considerable. Since the
silver-rich alloys have commercial value, numerious
determinations have been made of that section dur-
ing the past six years.
5.
THEORY OF DIFFRACTION ANALYSIS
Structure of crystals:
To appreciate the nature of this work
an understanding of the crystal structure is neces-
sary. There is no longer any doubt as to the
structure of the crystals, as the arrangement of
the atoms within has been determined, and the
architecture of the crystals has been opened to
study. These determinations have all been made
possible by the advent of the X-Rays and much re-
search concerning crystallography.
The characteristic which differenti-
ates a crystal from an amorphous block of the
same substance is the arrangement of the atoms
and molecules. According to Sir W. H. Bragg, "In
the formation of a crystal, the atoms adopt a
geometrical disposition of perfect regularity."
Just as each compound has its own chemical for-
mula, so has it a definite crystalline form,
which is basic for this determinative work.
Classification is based upon the identification
of this difference.
In order to study the crystallo-
graphic structures, the crystals are represented
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by what is known as "space lattices". These lattices
are an analytical representation of the internal
structure of the crystals. A crystalline substance
may be considered as composed of a structure built
up of small units or bricks. Each of these units
consist of the smallest unit of the substance
which has all the characteristic properties of
the whole mass. In other words, each contains as
few atoms as are necessary for the fulfilling of
the required crystal structure. We now have a
crystal which can be considered as built up of an
infinite number of these minute characteristic
groups or units, closely packed and similarly
oriented. Now, a similar point is chosen in each
of these units and are made to represent the po-
sition of the unit. Thus, if these points which
indicate the position of the groups or units to
which they belong, are made to represent their
reflective groups, we have a series of points in
space. These series of points, which represent a
crystal by showing the arrangement of its units
or groups of atoms, is known as a space lattice.
Figure 1 represents a three dimensional space
lattice.
Figure 1.
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The nature of X-Rays:
X-Rays are produced by stopping or de-
flecting fast moving electrons from their flight
by a target. The resultant energy which is radi-
ated from this target is known as X-Rays. In this
work a cylindrical cold cathode tube was used as
a source of the rays, with an electric field set-
up between the coil and the copper target. The
coil is positive and the target negative. The posi-
tive ions are hurled against the negative electrode
by the electric field, there freeing electrons
which constitute the cathode ray. This reaction
can only take place under conditions of high vacuum
and proper voltage. These electrons travel with
enormous velocities, approximately half the ve-
locity of light. The cathode is made concave in
order to collect the cathode rays into a small
focus. Since the electric field near the surface
of the cathode is nearly perpendicular, the
electrons following the lines of the field in
the first part of their course, will also leave
the surface almost normally.
The distinctive property of these
rays which are emitted by the tube is to pass
through opaque bodies. This phenmenon was not
explained until the exact nature of the rays was
determined. This determination was made possible
by the observation of the diffraction by crystals,
which showed conclusively the fundamental similarity
between X-Rays and ordinary light. In fact, the
analogy of X-Rays to light waves holds, except the
wave lengths of the former are infinitely shorter
than the latter.
These extremely short wave lengths can
not be analyzed by the laboratory equipment used
for light. Thus, for many years the nature of these
X-radiations remained in doubt. In 1912 Iaue
pointed out the way for the diffraction of crystals
by this X-radiation. Later work proved his method
possible, and finally X-Rays came to be studied
by diffracting them with crystals much as light
is diffracted by ruled grating. It was further
shown by investigation that the quality of the
radiation was dependent upon two things; the po-
tential between the poles of the tube, and the
nature of the material used for the target. Each
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metal which was used as a target had a character-
istic radiation, which radiation could be further
selected by the voltage used with the tube.
In this work a monochromatic ray was
used, that is a ray with a predominant single
wave length. This was obtained by selecting a
particular target which would give the desired
wave length. By referring to a standard table of
radiations, a copper target with suitable volt-
age and amperage would be found to give the de-
sired wave length. Several pictures were taken
using a filter of aluminium foil placed directly
in front of the film. Although it filtered out
some of the "soft" or long wave radiation, the
contrast of the film was not improved enough to
warrent its further use.
Application of the diffraction principle:
As previously stated, the nature of
X-Rays was determined by the use of a crystal
as a diffraction grating. The converse of this
statement is also true. That is, the structure
of the crystals may be determined by using a
known wave length and applying the diffraction
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principle. Laue's experiment of 1912 used the
crystal as a diffraction grating and a number of
crystals have had their ultimate structure deter-
mined in this way.
Considering the analogy of X-Rays with
light waves, the method of light grating shall be
considered first. A complex light beam may be
analyzed by causing the beam to be reflected from
a closely ruled grating. These grating consist of
several thousand parallel, equal spaced lines
which are ruled on a plate. When the train of
light waves fall on the grating, each line acts
as a fresh center from which a diffracted train
of waves spreads out. The reinforcing or inter-
action of the similar wave train from all the
lines give the diffraction effect. This modifi-
cation manifests itself as parallel light and dark
bands. Diffraction is essentially a phenomenon
of wave motion, so it is conceivable to analyze
X-Ray wave trains by using the same principle.
In the case of diffracting X-Ray wave
trains, the crystal is used as the diffraction
medium. There is quite a difference, as the grat-
ing is a two dimensional simple ruling, while
L .
that of the crystal is a three dimensional and
more complex structure.
By considering only one plane of the
space lattice, an analytical development of how this
diffraction occurs can be noted. By taking some
plane formed by these points and considering a
row of points in this plane, we may investigate
the action of these centers to a wave front. When
the wave front strikes a point, this point be-
comes a new center of radiation and sends out
from itself a new wave, or diffraction impulse,
which spreads spherically around it. Figure 2
graphically illustrates the result of the passage
of a pulse, PP, over the atoms in a plane, sAA.
The circle represents the pulses sent out by the
atoms in the Huygen's construction for the wave
front reflection from a plane surface and these
diffraction wavelets reenforce each atom on the
reflected wave front, MM. The arrangement of the
atoms is not important so long as they are in the
same plane. Thus, it can be concluded that when
a wave passes over a number of particles in a
plane, the diffraction pulses combine to form
a wave front which obeys the laws of reflection
130
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from the plane.
The crystal may have its atoms arranged
in planes in an infinite number of ways. It is the
natural arrangement of the particles in the plane
which accounts for the plain face of the crystals.
An example which illustrates these various planes
is found in viewing an extensive orchard from
different positions, so that the trees seem to
align themselves in various planes. This same phe-
nomenon may be conceived of in a crystal except
that there are a great many more rows and there
is the quality of depth. It has been shown that if
a wave passes over a crystal, all the particles
in any one plane combine to reflect it with re-
spect to that plane. If we choose any one ar-
rangement of crystal particles in planes, and
then find the direction in which the wave would
be reflected by these parallel planes, this di-
rection will be one in which to expect an inter-
ference maximum. There are an infinite number of
ways of choosing such planes, but the most effect-
ive planes are those which have the most particles,
and which have also the greatest spacing between
sucessive planes.
lb.
PURPOSE OF THE PRESENT INVESTIGATION
The purpose of the present investi-
gation was to carefully study the solid solubil-
ity limit of silver in cadmium by means of X-Rays,
and compare the results with those established by
Dr. P. V. Durrant in 1931. Rather than to repeat
his method, I purposed to use a different labora-
tory technique which did not involve the use of
special equipment.
The secondary purpose of this work
was to improve the technique of preparing and
analyzing special alloys with the back-reflect-
ion camera method.
16.
MATERIALS USED
The samples used in this work of X-Ray
determination were prepared from chemically pure
metals. This fact is very important beoause an
appreciable amount of impurities, namely, an
amount greater than one per cent will distort
the lattice parameter.
The silver was purified by the Bureau
of Standards and had an analysis of 99.99 per
cent silver. The cadmium purchased from the
Central Scientific Company had an analysis of
99.4 per cent pure cadmium.
X-RAY EQUIPMENT
Tube:
The tube used in this work is de-
signed with a replaceable target, because the
desired diffraction lines are produced on the
film by varying the wave length of the radia-
tion. In this case, a copper target was used to
obtain a primary "alpha" emmision of 1541.16 X.U.
The K absorption limit of the silver is 485 and
cadmium is 463.2. The other available targets
of chromium, iron, and cobalt have emmision
values greater than that of copper, which means
that less radiation would be absorbed or reflected
on the film. The tube was designed by Hagg and
build in the laboratory shop. Its body is made of
machined steel, and cooled by water circulated
through copper tubing soldered at the top. The
replaceable targets fit tightly on a taper joint
in the bottom. Insulator of pyrex glass tubing
supports the cathode system which is cooled at
the top by a fin radiator. All joints are sealed
with wax to insure air tightness.
The vacuum system consists of a five
.L6.
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gallon glass bottle which is evacuated by an oil
pump. This arrangement acts as a vacuum for the
single-stage mercury condensation pump which is
connected directly to the X-Ray tube. The vacuum
control is operated by means of a needle valve,
which allows air to leak into the system to re-
gulate the vacuum in the tube. During the oper-
ation of the apparatus, it was found that greater
control could be obtained by reducing the pressure
to the point that an opening of the needle valve
a turn and a half permitted the required ten
milliamperes to flow steadly in the tube.
X-Ray Camera:
The camera used for determining the
change of the lattice dimensions is commonly
known as the "back reflection" type. It operates
on the principle that when the angle between the
incident and diffracted ray approaches one hundred
and eighty degrees, a slight change in the lattice
dimensions will cause a large change in the dif-
fraction angle. The camera uses a single slit
and stationary film. Two supports are mounted on
an optical bench. The front supports the collo-
mator and film, while the rear supports the sample
and teletcon rotating mechanism. The rear support
is movable, thus permitting it to be set within an
accuracy of one tenth of a millimeter between the
sample and the film. The slit, sample, and film
lines lie on a theoretical circle. By using a set.
ting of fifty millimeters between the film and
sample , a large area of the sample was illumi-
nated and still produced sharp diffraction lines
on the film.
Film:
Through experiment it was found ad-
visable to use Eastman double coated high speed
film. By means of a cutting frame, the film was
cut to fit completely the cassette. In printing
the effect of film shrinkage was removed by
printing a millimeter scale directly on the film
before development. Thus both the diffraction
lines and the scale appeared on the film after
printing. It was quite easily possible to read
the line spacing within an accuracy of one tenth
of a millimeter.
BACK-REFLECTION CAMERA
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I
t
Figure 4.
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Making the melt.
Cold working.
Heat treatment.
Preparation of the surface.
Chemical Analysis,
Microscopic Examination.
X-Ray Examination.
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PREPARATION OF THE ALLOYS
Making the melt:
Unfortunately, the melting points of
the two pure metals are quite different. Silver
melts at 960.5 0, while cadmium has a much lower
point, namely 320.9 0C. This difference makes it
impossible to alloys the metals directly, and
result with alloys having a silver content within
the range of one to ten per cent. However, this
was overcome by making first an approximately
50% alloy. It was accomplished by melting the
pure silver and slowly adding the cadmium as the
liquidus temperature simultaneously decreased.
Throughout this work, difficulty
was met by the volatilization of cadmium. Its
effect was most serious during the alloying
period. By using a graphite crucible and keeping
the melt covered with a layer of carbon, the
volatilization was minimized to about three per
cent.
The "master" alloy containing a
composition of approximately 50% was cast into
a preheated cast iron mold in the shape of rods
24.
half inch in diameter and six inches long. Pre-
heated molds were used because the melt solidi-
fied so quickly that the rods were not homogene-
ous. These rods were broken into three equal parts
for sampling and chemical analysis. It was found
that between one and three per cent of the cadmium
was lost during the operation. The resultant
analysis of the rods was 42.21% cadmium.
Now in making the actual samples
containing varying amounts of silver from one to
nine per cent silver, the rods of pure cadmium
were broken into pieces approximately fifty grams
in weight. After careful weighing, a definite
amount of "master" alloy was added to control the
silver content. As the pure cadmium was heated
just to its melting point, the"master" alloy was
slowly added. The temperature of the furnace was
raised simultaneously to compensate for the cor-
responding elevation of the solidus temperature.
These samples were cast into the same preheated
cast iron mold, and cooled in air.
25.
Cold working:
Microscopic examination of the cast
alloys showed the characteristic dendritic struct-
ure. It was found that annealing was not suffient
to break up the dendrites and refine the grains.
Therefore, it was necessary to cold
work the samples before annealing. All rods were
reduced in cross-section forty-five per cent.
This reduction was preformed at a slow speed to
eliminate excess heating. Upon the completion of
this operation, several representive sections of
the alloys were tested for their physical property
of ductility. They all retained the property of
pure cadmium, but the degree of stiffness slightly
increased with the increasing silver content.
Heat treatment:
Following the cold working, all the
samples were annealed in an electric furnace.
After several unsuccessful attempts to control
the temperature of the furnace accurately with
the recording potentiameter, a copper-constantan
thermocouple was introduced into the middle of
the samples. Attached to the thermocouple was a
calibrated potentiameter which indicated the tem-
perature in millivolts within an accuracy of one
tenth of a degree centigrade. Standard calibration
tables were used to interpolate voltage in terms
of degrees. Referring to similar work carried
out by E.A.Owens and L.Pickup on the copper-
silver diagram, the time of annealing was one
hundred and sixteen hours. In order to effect a
complete atomic homogenety, the minimum time of
annealing was ninety hours. In this work one
hundred and sixteen hours of annealing was used
to complete the operation at 305 OC.
In spite of the fact that the ends
of the furnace were closed, the samples showed
severe oxidation. This effect greatly hindered
the commercial process of making bearings con-
taining silver, copper, and a large per cent of
cadmium. Through research, it was revealed that
a small addition of zinc, either in the metallic
state or as a chloride, eliminated the excess
oxidation of the cadmium during the heat treat-
ing processes.
Further heat treatment of the alloys
containing amounts of silver greaten than that of
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the solid solubility was preformed in both in an
electric furnace and a flask connected to a con-
denser tube. The annealing carried out at 3050 C,
and 2510 C were performed in a tube furnace with
both ends closed to reduce the amount of oxidation.
At the two lower temperature, 152'0 C
and 100 C, the annealing could not be carried
out successful in an electric furnace. Such low
temperature annealing could not controlled with
any degree of accuracy. It was necessary to use
a constant boiling mixture of carbatol and water.
The mixture contained approximately 50% water,
and boiled at 1520 C. A condenser tube was attach-
ed to the flash to condense the boiling mixture
and return the solution to the flask. The samples
remained at these slightly elevated temperatures
for a period of six days. To insure complete
equilibrium, the sample annealed at the lower
temperature was given an additional treatment
for three days. No further change in the dif-
fraction picture was noted, thus six days were
sufficient.
Preparation of the surface:
Upon removing the samples from the
heat treating furnaces and other apparatus, the
surfaces were coated with a layer of oxide. This
layer must be removed and still havo an exposed
surface which has not been cold worked. The
longitudnal sections to be photographed by
X-Rays were carefully filed to remove the oxide.
The cold working effect was removed by giving
the surface a deep etch with concentrated nitric
acid for three minutes. The surface was then wash-
ed free of acid and wiped to remove stains.
29.
METHOD OF ANALYSIS
Two methods of analysis were used in
determining the silver content of the alloys. The
first values were determined by the gravimetric
process, but it was very difficult to obtain
results which checked within three per cent of
each other. By use of the volumetric method, it
was found that in many cases the two analyses
of the same samples checked within two hundreth
of a per cent.
The volumetric process consists of
dissolving the carefully weighed samples, ap-
proximately a half a gram, in five milliliters
of six normal nitric acid. Boil the solution to
expell the nitrous acid. After cooling in air,
two milliliters of freshly prepared ferric alum
were added and the total solution diluted to a
volume of fifty milliliters. It was then titrated
against a standardized solution of thiocyanate.
The end-point was reached when the solution
turned from red to white. The standardized sol-
ution was prepared by dissolving approximately
six grams of potassium thiocyanate in water and
30.
diluted to a volume of one liter. This solution
is standardized against a weighed amount of pure
silver. The cold saturated solution of ferric
alum was prepared by dissolving three and a half
grams of ferric alum in ten milliliters of water
with two milliliters of six normal nitric acid.
Having encountered difficulty with
the volatilization of cadmium during the process
of preparing the samples, I expected the silver
content to change after each heat treatment.
This was found to be true in every case. Since
the longitudinal sections of the alloys were
used as the focus spot of the X-Rays, I care-
fully removed about a half a gram of the alloy
from each section. Thi's was found to be a more
representive sample of the true conditions than
if I had used a piece of the cross-section.
Analyses was made of the samples in
the range of the solid solubility immediately
following the casting and the prolonged anneal-
ing at the temperature of 305 C. The analyses
showed a variation of a tenth to one per cent
between the two steps. Those alloys outside
the solid solubility range analyzed after
each treatment as well as in the original conditioh.
These samples showed a greater variation in their
analyses. The prolonged heating in an oxidizing
atmosphere probably caused this larger variation.
According to the analyses there is no visible
connection between the silver content and the
variation in analysis of the samples which have
been subjected to the same treatment.
32.
MICROSCOPIC EXAMINATION
Miroscopic examination was carried
out at the completing of each step in the work.
The samples were taken from the middle of the rods
to insure the greatest uniformity of cross-section.
Each piece was mounted in bakelite holders, and
taken through the routine polishing methods. In
determining the correct etching solutions, I
referred to the work of Berry and Durrant. There
are two types of solutions to be used, either a
five grams of chromic oxide and a half a gram of
sodium sulfate in a liter in water or one volume
of ten per cent aqueous potassium cyanide and one
volume of ten per cent ammonium persulfate solution.
In this work the former etching reagent was used.
Examination of the cast alloys
showed a large dendritic structure innerlaced with
numerous blow holes due to entrapped gas during
the casting operation. After the annealing at 30500,
the dendrites were broken up and grain refinement
had taken place. The etching clearly brought out
the solid solubility constituent present in the
samples containing greater than four per cent
silver. No trace of this constituent could be
noted in those samples within the range of zero
to four per cent silver. It is quite possible
that higher magnification would resolve the fine,
ly divided constituent. Those samples whose silver
content is out of the range of the solid solubility
contain the second phase.
64.
X-RAY EXAMINATION
In obtaining the values for the maximm
solid solubility of silver in cadmium as indicated in
the graph on page three, there are three necessary
steps.
First, a series of alloys of increasing
silver content both within the range of solubility and
two known definitely to be composed entirely of the
second phase are prepared. As indicated by the thermal
equilibrium diagram, the temperature at which the
maximum solubility can exist is 343 OC. At any temper-
ature higher than that, the alloys within the solubili-
ty range start to melt. I, therefore, selected 3050 C
as the highest annealing temperature in this work.
Between the range of 305* C and 1000 C, I chose two
other annealing temperatures which would practically
divide the range equal. In this case it is impossible
to anneal samples below 100' C because the time
necessary for equilibrium to be established would
be too long.
Second, all the samples were annealed
at the selected high temperature, and later exposed
to the X-Rays. The distance between the same sets of
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lines on the films was recorded. By use of Bragg's
equation, the lattice parameter in terms of Angstrom
units was calculated. A linear relation was establish-
ed between the increasing lattice parameter and increas-
ing silver content of the alloys within the range of
solubility at the same annealing temperature. This
linear relation determines the line of the single
phase. The two alloys containing anmunts of silver
in excess of the single phase have the same values
of their lattice parameter; meaning they contain
the maximum amount of solid solubility at that def-
inite annealing temperature. Now a straight line
is drawn between the two points and projected on
the line which indicates the limit of the single
phase. The point of intersection gives the silver
content of the alloy which would contain the maximum
solid solubility at that annealing temperature. This
process is carried out by annealing the two samples
of the second phase at the other temperatures, and
determining their points of intersection with the
single phase line. Thus, I got four compositions
of maximum solubility in terms of annealing tem-
peratures.
Third, the four points are then
indicated on the equilibrium diagram showing the
relation between weight composition and temperature
in degrees centigrade.
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X-RAY EXPOSURE
radiation Copper
1.5412 A.U.
Tube Voltage
46,000 volts.
Tube Current
10 milliamperes.
Time of Exposure
40 minutes
160 minutes
(unfiltered).
(filtered).
Type of Camera
Back reflection type.
Type of Tube
Hagg - cold cathode (gas type).
CONCLUSION
In comparing this work with that per-
formed during the past six years, it is quite evi-
dent that in accurately determining the limit of
solid solubility it is advisable to use X-Ray dif-
fraction.
Three reports have been published
concerning the microscopic determination of the
cadmium-silver diagram. In comparing these three
publications with this work, the solubility
limit varied from fifteen hundredth to two
hundredth of a per cent of silver. A maximum
variation of three hundredth of a per cent was
noted in comparing this work with that of P.J.
Durrant. This slight variation might be accounted
for by the difference in laboratory technique.
In conclusion, I have found that
the cadmium-silver equilibrium accepted by the
Institute of Metals is substantially the same
as that determined by this work.
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.880
*881
.883
.885
.885
.885
41
41
41
41
41
41
41'
410
41
41
41
41
1.5'
503'
9.21'
11.161
13.1'
17.0'
21.0'
22.8'
26.68'
30.55'
30.55'
30.55'
% Ag
Amealed at
0
1.05
1.23
1.86
2.33
3.13
3.59
3.80
5.10
5.86
7*81
9.12
Annealed at
7081
9*12
Annealed at
7.81
9.12
Annealed at
7.81
9.12
69
69
69
69
69
69
69
69
69 0
69
690
69
251* C
69*
 0
152* 0c
69 0
69 0210 C
*'
305 0
e
29.25'
27.4'
25.4'
24.42'
23.5'
21.5'
19.5'
18.6'
16.65'
14.73'
14.73'
14.73'
15.0'
15.7'
16.0'
sine
.9366
.9364
.9362
.9361
.9360
.9358
.9356
.9355
.9353
.9351
.9351
.9351
.9351
.9352
.93524
d
.82287
.82301
.82311
.82331
.82340
.82357
.82364
.82373
.82401
.82419
.82419
.82419
.82415
.82408
.82406
